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Hermaphroditism is a normal part of the life history of all or most of the individuals within many animal species. It is found in at least 18 families of teleost fishes scattered throughout five orders (Atz 1964; Reinboth 1969) and is also widespread among the invertebrates (Ghiselin 1969) . In sequentially hermaphroditic species, the individual changes sex at some point in the life history. If the initial sex is male, the condition is known as protandry; the converse situation is protogyny.
Few workers in the past have dealt with the adaptive significance of sequential hermaphroditism in animals. Ghiselin (1969) proposed three models to explain what conditions would give rise to the types of hermaphroditism in animals. He used as his basis the advantages that would accrue to the individual rather than to the population, an approach neglected by the other authors dealing with this phenomenon (see Discussion). Two of the models deal with the necessity of finding a mate or maintaining genetic variability with low motility or low population density. Only Ghiselin's size advantage model applies to animals exhibiting sequential hermaphroditism in populations not subject to chronic or periodic low densities. Simply stated, protandry or protogyny could occur "where an individual reproduces most efficiently as a member of one sex when small or young, but as a member of the other sex when it gets older or larger" (Ghiselin 1969, p. 200) .
Starting here, I investigate how spawning behavior, age structure, and the schedule of female fecundity interact to produce selection pressure for sequential hermaphroditism. Essentially, I propose that selection for sequential hermaphroditism can exist if spending part of the mature life span as a male and part as a female yields a higher lifetime expected reproductive potential than that for nonhermaphrodites. This requires the calculation of age-specific reproductive potentials for both males and females. First, I develop some expressions representing age-specific male reproductive potentials equivalent to female fecundity schedules. Using these expressions, I then explore the types of populations in which selection for either protandry or protogyny could exist. In iteroparous organisms, female fecundities are reflections of physiological capabilities balanced against future needs. Ideally, an optimum number of eggs is produced to ensure both maximum number of surviving progeny and continued survival of the mother. Reproductive value [V(x)] of Fisher (1930) and reproductive effort (E) of Williams (1966) are both expressions which recognize this balance. Male fecundities are not physiologically bound in this way. Males can produce millions of sperm with much less metabolic expenditure per gamete, and thus male fecundity is not limited by the actual numbers of gametes produced.
Male fecundities may be represented by the number of eggs which the individual fertilizes in a spawning season. This in turn depends on the fecundity of his potential mates and on the number of females with which he can expect to mate. I assume that the population is sufficiently dense to ensure that every female mates only once each season.
The fecundity of an average female of reproductive age in a steady-state population at any one time can be expressed as the weighted average mn = Ex =o 1(X)M(X)g(x),() Ex =o a (x)g (x) where m(x) is the age-specific female fecundity. Here the 1(x) values are used to represent population proportions. The symbols a and co are the first and last reproductive ages, respectively (Cole 1954) .
Randomly Mating Populations
In a randomly mating population, the average number of females with which a male can expect to mate each breeding season is simply the ratio of the number of reproductive females to the number of reproductive males, which can be expressed as
Thus, with no mating preferences, expected male fecundity is the same each year of a male's mature life span, equal to
where n(x) is male age-specific fecundity.
In nonhermaphroditic populations, where the sex ratio is 1 :1 in all age classes [i.e., all g(x) = 0.5], the expected annual male fecundity is EX~ l(x)m(x) Exa 1l (X) which is the average female fecundity, m (eq. [1]).
The net reproductive rate, R0, is the expected lifetime production of offspring (in this case, males as well as females) for an individual. It is the sum of an individual's age-specific fecundities, each weighted by the probability of being alive at that particular age [1(x) values]. In normal nonhermaphroditic populations, the expected net reproductive rate for females is co Ro = E l(x)m(x). (4) With the male fecundity term derived in (3), Ro for males is co co CO 1(a)g(a)m(a)] R0 = E l(x)n(x) = _ 11(x) 2=cl(a1) ~ ma (5) X = Oe z* L Eao l(a) [1 -ga] When the sex ratio is unity for all age classes, the male net reproductive rate equals the female net reproductive rate:
Although the expected lifetime reproductive rates of males and females are equal, their age-specific distributions may well be different. In animals where the individual continues to grow larger each year, female fecundity increases with age. Thus, a graph of female m(x) with age might resemble curve a in figure 1. As above, male age-specific fecundity in randomly mating populations is constant year to year and dependent on survival, sex ratio, and female fecundity schedules of the population. For example, male fecundity values for each age in a population with female fecundities as shown by curve a, and where each year class is assumed to lose a tenth of its original number each year, are shown as curve b in figure 1. Male fecundity is higher than that of females in the earlier ages and lower at later ages; the crossover point represents the average fecundity (m) of the females.
Nonrandomly Mating Populations
Alternatively, conditions can exist where male age-specific fecundity does not remain constant but varies with age. Inexperience, dominance by older males, or size preferences expressed by females would all tend to depress the leftmost part of the male fecundity curve while raising the right. A population in which there are female mating preferences is an example. Curve c in figure 1 is a male fecundity curve for a population with exactly the same demographic conditions as that in curve b, except the females were limited to mating with males of their age or older. The male fecundities remain low for the first years of reproductive life, then increase rapidly. Expected lifetime reproductive rate of males is equal to that of females and to that of males in the random-mating situation.
The female age-preference scheme was used in further calculations both because it was easily formalized and because there is some evidence that females of some species select mates larger than themselves (Barlow 1968; Hanson and Smith 1967; Powell and Nickerson 1965) . This scheme is only one of many possible mechanisms that could restrict the reproductive potentials of young males. It here demonstrates the effects that a male advantage in size or age can FIG. 1. Age-specific fecundity curves for a hypothetical population in which female fecundity is represented by curve a. Curve b is the calculated age-specific fecundity for males if the population mates randomly. Curve c, is for males in a population in which females mate only with males the same age or older. Age structure is identical in both populations.
have on selection for hermaphroditism in a population. This will involve a relatively straightforward calculation of male age-specific fecundities as follows.
In a female age-selection system, the expected lifetime net reproductive rate for females is the same as in the random-mating situation:
Male age-specific fecundities are drastically altered because the apparent sex ratio and average fecundity of available females changes with each year of his life. For a male of age x, the contribution to his total fecundity from females of age a is presented by m(az) 1(a)g(a) (6)
The right-hand part of the term is the ratio of the number of females of as to the number of males allowed to mate with these females. Summing over all female age classes available to a male of age x, we obtain his age-specific fecundity:
Age-specific fecundity curves from this equation match closely the shape of curve c in figure 1 and are very different from those seen in the random-mating situation.
The expected net reproductive rate for the male would then be
When the sex ratio is 1: 1 in all mature age classes, the male and female net reproductive rates are equal:
That is, there is no differential advantage in being either a lifetime male or female in a population where the mature sex ratio is unity, even where females exhibit mate selection. This is in accord with Fisher (1930) , who first developed the theory of the adaptiveness of the 1:1 sex ratio in populations.
Behavior and Hermaphroditic Type
With these guidelines for comparing male and female reproductive potentials at different ages, we can examine hermaphroditism and the advantages that might accrue to an individual capable of changing sex. Returning to the male and female fecundity curves ( fig. 1 ) and assuming no differential mortality, we can see graphically a representation of Ghiselin's (1969) size-advantage model.
In the random-mating situation (curves a and b), an individual able to change sex from male to female near the intersection point of the two curves could increase its lifetime reproductive rate and would presumably have some selective advantage. The converse argument would hold for sexual selection (curves a and c) where an individual would profit by remaining a female until reaching an age where its fecundity would be greater as a male. This suggests that, when hermaphroditism exists, protandry might be expected to be found in randomly mating populations, such as group spawners, while protogyny would be found in the case of more selective matings, such as in pair formation.
Unfortunately, there is little information available on the spawning habits of sequentially hermaphroditic species. The teleost families Gonostomatidae, Polynemidae, and Platycephalidae all contain protandric species (references in Reinboth 1969 ), but their spawning habits are not known (Breder and Rosen 1966) . Many of the species investigated in these families tend to congregate in large schools, and this may be some indication that group spawning also occurs.
Some species of the Sparidae are also protandric (see Atz 1964) , but the only species, distinct pairing is characteristic of the family (Breder and Rosen 1966) .
Most of the Labridae (wrasses) and Scaridae (parrot fishes) appear to be pair spawners; the members of the pair are usually differentially colored (Winn and Bardach 1960; Randall and Randall 1963; Roede 1972) . Protogyny is now known to be a normal occurrence in these families (reviewed in Reinboth 1969; see also Roede 1972) . In some species in these families, individuals may spawn in a group rather than in pairs. The males in the group are colored like the females and usually do not arise from sex reversal (Reinboth 1972) . Brightly colored males that are territorial and spawn in pairs with the females occur in these same species. They are almost always sex-reversed individuals. Such dual-spawning patterns have been recorded for the labrid Thalassoma bifasciatum (Reinboth 1972; Roede 1972) and for the scarids Sparisoma rubripinne and Scarus croicensis (Randall and Randall 1963 
x= x=z+1 for protandry and (10) x = x= Z+ I for protogyny. Values for n(x) are determined from either equation (3) or (7), depending on whether random mating or sexual selection is specified for the population. If the net reproductive rate of the hermaphrodite is higher than that of an individual remaining a male or female, we may expect the hermaphrodite to be selected for in the population.
A total of 20 model populations were compared for the interactions of survival, female fecundity, and hermaphroditism. The four survival [1(x)] and five female fecundity [m(x)] schedules used to define the populations demographically are listed in table 1. As before, we assume the population sizes remain constant.
Age 1 (table 1) actually refers to a, the age of first reproduction; mortality occurring before this age is immaterial to the argument. The numerical values 1(x) schedule 1, the optimum age of sexual transformation is low. As the distribution of age classes becomes more even, the optimum age for transformation increases. When older females have a much higher fecundity than younger ones (e.g., schedule A), the optimum age for sex change is delayed relative to more equable fecundity schedules, for both protandry in random mating and proto- When age-or size-specific sex ratios are investigated in sequentially hermaphroditic populations, there is often a fairly sharp change in the ratio at a particular point. Although there are exceptions (e.g., Moe 1969 ), this appears to be generally true for both protogynous species (Warner 1975; Sordi 1964; Roede 1966 Roede , 1972 Okada 1962 Okada , 1965 Liem 1963 ) and protandrous species (Lodi 1967; Kawaguchi and Marumo 1967; Fujii 1970; Butler 1964 ). Wenner (1972 gives some additional examples of sex ratio patterns in marine crustacea.
These discontinuities suggest that there is something critical about a particular size or age in regard to sex changes. Following the reasoning given above, we may define the critical age as one where the transformation at earlier or later ages leads to a reduction in the expected net reproductive rate.
The critical age is related, but not equal, to the age of maximum selection pressure seen in figures 2 and 3. The populations in these figures are composed of equal numbers of males and females in all age classes. Sequentially hermaphroditic populations do not, of course, fit this pattern at all, and it is here where the age-specific sex ratio, g(x), becomes important. While the age distribution and female fecundity schedule may remain constant during the selection for hermaphroditism, the age-specific sex ratios and the resultant male fecundities do not.
Given only the inputs of age distribution, the female fecundity schedule, and type of mating, we may model the evolution and eventual stabilization of sequentially hermaphroditic patterns in populations. Each age class in the population is made up of genetically determined transformation types. Some types remain male for life, some remain female, and other types transform sex at intermediate ages. In protogynous populations, for example, type 5 refers to females which become male at age 5, permanent males are designated type ,-1, and permanent females are type w. Natural selection acts to change the frequencies of each type in succeeding age classes, and equilibrium is reached when the frequencies remain constant. All types of all ages interact in mating (specified as random or female preference) to create the type frequencies in the new year class. Each contributes according to its frequency and reproductive potential, the latter derived from the expressions previously described (eqq. [3] and [7] ). The model is detailed in the Appendix and was programmed for computer calculation.
The evolution of sequential hermaphroditism in previously gonochoristic populations can be simulated by setting the initial type frequencies so that lifetime males and females predominate, with only a low frequency (e.g., 1%
of the total) of hermaphrodites ( fig. 4) . The population is then allowed to cycle, and selection increases or decreases each type present. The age-specific sex ratio shifts from an essentially normal gonochoristic pattern to one typical of protogynous hermaphrodites (see Warner [1975] and Wenner [1972] for actual sex rateo patterns for sequential hermaphrodites).
To investigate equilibrium conditions, test populations (table 1) were begun with equal frequencies of all types; additional calculations demonstrated that the results are independent of the initial frequencies of each type. Table 2 shows the average age of protogynous transformation for each population, At equilibrium all populations are sequentially hermaphroditic, showing the typical protogynous pattern of females concentrated in the earlier ages, the older ages dominated by the males. The average age of transformation in these populations is lower than the value for the best age for an individual sex change in a gonochoristic population discussed earlier ( fig. 3) . This is an effect of the loss of older females and corresponding increase in younger females that occur in the evolution of protogynous populations, making an earlier sex change more advantageous to the individual. Overall sex ratios seen in the equilibrium populations (table 2) depend on the initial inputs of survival and fecundity and only occasionally approach a 1:1 ratio. In most cases, the ratio is in favor of females, as would be expected under conditions of moderate mortality in protogynous populations. If low mortality or a constant or declining fecundity schedule effect an early average age of transformation, the sex ratio can become biased toward males. Such deviations from the "expected" 1: 1 ratio (Fisher 1930; Leigh 1970 ) are due to the fact that selection in sequentially hermaphroditic populations does not equalize parental expenditure on the offspring of the two sexes, nor does it ensure equal expected lifetime reproductive potentials for males and females. Rather, the sex ratios observed are secondary outcomes of the process outlined above, selection favoring individuals that change sex within an optimum age range which maximizes their own expected lifetime reproductive potentials. Rather than overall sex ratios, the important parameter in sequentially hermaphroditic populations is the size-or age-specific sex-ratio pattern, a fact pointed out by Wenner (1972) .
There are some hermaphroditic species for which adequate survival and fecundity data exist, thus permitting a test of these ideas. Since the exact nature of the mating advantage, which is associated with being a particular sex at a particular size or age, is usually unknown in protogynous populations, a comparative approach is necessary. Given two populations of the same species (Warner 1975 ) and can be used in this way. There is no evidence for differences in survival rates between the two populations, but the growth rate differs markedly. The
Guadalupe population grows more slowly than that at Catalina and has a slower increase of fecundity with age. The fecundity schedule of the Guadalupe population was estimated to begin with an ovary weight of 4.6 g at age 4, increase slowly to 11.0 g at age 8, then rapidly grow to 27.0 g and 31.5 g for ages 9 and 10, respectively. The Catalina Island age-specific fecundities start at 10.0 g at age 4
and increase in linear fashion to a value of 68.0 g for age 10 (Warner 1975) .
Using these estimates of survival and fecundity, the model predicts that the average age of transformation at Guadalupe should be 0.4 years earlier than that production of the population. Similarly, Smith (1967) , in developing his theory of sequential hermaphroditism, used the increased zygote production of the population as a sign of positive adaptation. Nikolski (1963) and Moe (1969) also attempted to explan hermaphroditism in fishes as due to the correct positioning of males and females in age classes so that the reproductive output of the population is maximized. In addition, Moe (1969) proposed that sequential hermaphroditism is used as a population control mechanism, with the mean transformation age shifting earlier or later to provide fewer or more females, respectively, in times of overly high or low population density.
It is difficult, however, to see how such a mechanism could evolve and maintain itself in a population. Selection acting solely to increase overall zygote production in the population through hermaphroditism would produce sex ratios heavily dominated by females. This creates a situation where males would have an extremely high reproductive potential. Most females would presumably deny themselves such high potential by not changing sex. Such a system is very vulnerable to genotypes which change sex at the "wrong" times and take advantage of the premium on males.
The high overall zygote production which may occur under conditions of hermaphroditism should be viewed as an advantage rather than a positive adaptation. Williams (1966) correctly warned against using the term "adaptive"
in reference to population characteristics, and stressed the importance of explaining the evolution of phenomena on the basis of the advantage they confer to the individual.
With the advent of Ghiselin's models, the evolution of hermaphroditism on such a basis has begun to be understood. This discussion expands and formalizes his size-advantage model. It deals with populations sufficiently dense so that males and females have little difficulty in finding each other in order to mate and in situations in which loss of genetic variability due to inbreeding or reproduction in isolated groups is not a problem. Populations of sequentially hermaphroditic fishes and shrimp of the open ocean are certainly of this type.
I have attempted to show how the sexual patterns seen in these populations could arise from an interaction of the survival, fecundity, and mating behavior characteristics, combining to produce a situation where the hermaphroditic individual is at a reproductive advantage over one that is not.
Inspection of figures 2 and 3 suggests that under most of the normally encountered schedules of survival and fecundity, selection pressure for some type of sequential hermaphroditism can exist. Why, then, are there not many more hermaphroditic species? Ohno (1967) suggested that vertebrates higher than fishes are not hermaphroditic because of the development of a strong genetic sex-determining mechanism. Under hormone treatment, complete sex reversal has been attained in many species of fishes (Yamamoto 1961; Yamamoto and Kajishima 1968; Clemens and Inslee 1968; Dzwillo 1962) ; this indicates some lability in the expression of sex in teleosts relative to higher vertebrates.
In any group of animals, sequential hermaphroditism may develop only when the individual carries the genetic capacity to function both as a female and assa male, with all the concomitant anatomical, physiological, and behavioral details.
another after differentiation has occurred. Such an achievement may well have evolved only occasionally in animals, or may have proved too costly in terms of energy output or time lost from reproduction during the change itself.
Another possibility is that in many long-lived species, the differences between male and female age-specific fecundities are not as great as has been assumed and calculated from the model populations, and consequently the selection pressure in favor of sequential hermaphroditism would be low or nonexistent.
Where female fecundities remain relatively constant from age to age, there is no selection for hermaphroditism if the population mates randomly. Where female fecundity increases with age, some degree of inexperience in young males, dominance, or other size-advantage factor may tend only to make the male and female fecundity curves similar and minimize selection for hermaphroditism.
Even in species where a size advantage is undoubtedly operating, small or young males are sometimes still able to mate (e.g., Soljan 1930a Soljan , 1930b Hanson and Smith 1967) . Gadgil (1972) gave some other examples of the occasional success of noncompetitive small males and offered an argument based on energy economics for their continued existence. Thus, in a population where there is some mating success of young males, male fecundity at early ages may still be high enough to minimize selection pressure for changing sex.
The results derived from the model discussed above appear consistent with what is known about hermaphroditic populations. A serious drawback for the protogynous version is that the only kind of mating advantage modeled is that in which females choose mates of the same age or older than themselves. A better approach might be to introduce a factor which duplicates a male size advantage appropriate to the particular species in question, perhaps by some age-specific weighting of the average fecundity of the females. However, the determination of the quantitative nature of a size advantage for the purposes of inclusion into
an exact model appears to be a formidable ethological task involving investigations of pair formation, inexperience in mating, dominance, and territoriality.
I recognize that a consideration of size rather than age of the individual would be more realistic. Animals undoubtedly react more to size than to age of their conspecifics in social interactions, expecially mating. Thus, the growth rate of the individual is also an important parameter to consider in sequential hermaphroditism (Warner 1975; Allen 1959) . But ages are more convenient and provide a time course for the sexual history of the "average" individual. The populations discussed are idealized in that all the individuals are assumed to grow at the same rate. In mating systems actually governed by size rather than age, the distribution of sex change with age could be expected to be more broad than that predicted.
The model's basic assumption of genetic specification of the transformation age may be suspect. Individuals may instead have evolved the ability to change sex when stimulated by a certain set of exogenous factors that indicate transformation to be adaptive at that time. Harrington (1971) showed the transformation from synchronous hermaphrodite to secondary male in the cyprinodontid fish Rivulus marmoratus to be strongly determined by genotype but somewhat affected by temperature in the first few months of life. The rather sharp changes in either or both age-and size-specific sex ratios known for many hermaphroditic species argue for a genetically determined time or size of transformation.
However, two reports, one on the serranid Anthias squamipinnis (cf. Fishelson 1970) and the other on the wrasse Labroides dimidiatus (cf. Robertson 1972) ,
indicate that females change sex in response to a lack of males in the immediate vicinity.
When the sex inversion of the individual is under such exogenous control, the transformation schedule seen in the population could then change quite rapidly in response to changes in demography. This would avoid the generations necessary for natural selection to sort out the genotypes that correctly adjust to the new conditions, as required by the present model. The mechanism and speed of adjustment do not detract from the basic point that conditions can exist where there is selection for sequential hermaphroditism, selection at the level of the individual rather than the population; and that those conditions can also determine the optimum schedule for the transformation sequence.
SUMMARY
In some cases, sequential hermaphroditism can convey a selective advantage to an individual by increasing its reproductive potential relative to nontransforming members of the population. This is because age-specific fecundity in many populations is not distributed in the same way for males and females.
By functioning as that sex which has the higher fecundity in a particular age span, an individual could increase its reproductive potential relative to lifetime males or females.
The magnitude of the reward that comes from such sex changes depends on both the demography of the population and its spawning habits. Protandry may be selected for in populations where female fecundity increases with age and where individuals mate at random. Factors which favor the evolution of protogyny are those which tend to depress male fecundity values at early ages, such as inexperience, territoriality, or female mate selection. Selection for protogyny can also exist when female fecundity decreases with age, although this situation seems rare in the field. It appears that the nature of the fecundity schedule for females has a greater effect on the magnitude of the selection pressure for sequential hermaphroditism than does the age structure of the population.
If sequential hermaphroditism becomes genetically fixed in some members of a population with differential age-specific fecundities, the frequency of the hermaphrodites should increase over time until they eliminate the gonochoristic individuals. The pattern of sexual transformation eventually reached in a population is predictable through the use of a simulation model developed here.
The pattern depends on the age structure, female fecundity schedule, and APPENDIX This is a model of selection for the optimum distribution of transformation types in a hermaphroditic (protogynous) population. In this version, females mate only with males the same age or older. The population is made up of several age classes whose distribution is determined by a given 1(x) schedule, and the female fecundity changes with age according to a given m(x) schedule.
Within each age class there are individuals with tendencies to change sex at different ages. The array t(x, i) describes this distribution of transformation types within a particular age class; it is the proportion of all individuals in age class x which are of transformation type i. For example, t(3, 5) would be the proportion of all individuals 3 years old which are going to transform into males at age 5.
Lifetime males are of type a -1; lifetime females are of type co. Transformation takes place after breeding at a particular age, so that an individual of type 2 breeds as a female at age 2 and as a male at age 3.
First, the g(x) schedule is calculated; it describes the age-specific sex ratio as the fraction that are female. The r(x) schedule describes the fraction that are male: The o array is used to determine the type distribution in the new year class. Two different kinds of mixing rules are used. The first version, used in the evolution simulation, simply splits the offspring between the two parental types (e.g., type 5 mating with type 9 yields half type 5, half type 9). Frequencies change slowly with this version, but it is more accurate in that nonhermaphrodites produce no hermaphroditic offspring. The second version, used for determining equilibrium distributions, reflects the blending of two polygenetically determined types rather than some single-allele factor which defines the transformation time. The rules are that matings between different types result in offspring exactly intermediate in type (e.g., type 5 crossed with type 9 yields offspring of type 7). When the intermediate is not an integral, the progeny are split equally between the two nearest types (e.g., type 4 crossed with type 9 yields half type 6, half type 7). The equilibrium type frequency distributions in both versions appear to be identical.
Finally, the new t(x, i) arrays are ta=1, a) = T(a) (A10) Ea =,x-I T (a)
for the other age classes, the t array is simply advanced by one unit, that is, t(i, a) becomes t(i -1, a).
The program then cycles through the above equations using the new t array, continuing to equilibrium, at which the t arrays remain essentially unchanged between successive generations.
